Background: Insulin-like growth factor receptor-1 (IGF-1R) survival signal maintains caspase-3 at a low level of activity required for its non-apoptotic role in initiating lens cell differentiation. Results: ␣6 integrin transactivates IGF-1R through a Src signal to regulate the caspase-3 differentiation pathway. Conclusion: ␣6 integrin is necessary for non-apoptotic caspase-3 function in differentiation. Significance: This is the first mechanistic evidence showing ␣6 integrin signals differentiation through affecting a cell survival pathway. . 2 The abbreviations used are: IGF-1R, insulin-like growth factor receptor-1;
The canonical mitochondrial death pathway was first discovered for its role in signaling apoptosis. It has since been found to have a requisite function in differentiation initiation in many cell types including the lens through low level activation of the caspase-3 protease. The ability of this pathway to function as a molecular switch in lens differentiation depends on the concurrent induction of survival molecules in the Bcl-2 and IAP families, induced downstream of an IGF-1R/NFB coordinate survival signal, to regulate caspase-3 activity. Here we investigated whether ␣6 integrin signals upstream to this IGF-1R-mediated survival-linked differentiation signal. Our findings show that IGF-1R is recruited to and activated specifically in ␣6 integrin receptor signaling complexes in the lens equatorial region, where lens epithelial cells initiate their differentiation program. In studies with both ␣6 integrin knock-out mice lenses and primary lens cell cultures following ␣6 integrin siRNA knockdown, we show that IGF-1R activation is dependent on ␣6 integrin and that this transactivation requires Src kinase activity. In addition, without ␣6 integrin, activation and expression of NFB was diminished, and expression of Bcl-2 and IAP family members were down-regulated, resulting in high levels of caspase-3 activation. As a result, a number of hallmarks of lens differentiation failed to be induced; including nuclear translocation of Prox1 in the differentiation initiation zone and apoptosis was promoted. We conclude that ␣6 integrin is an essential upstream regulator of the IGF-1R survival pathway that regulates the activity level of caspase-3 for it to signal differentiation initiation of lens epithelial cells.
Precise regulation of caspase-3 activation (low level caspase-3 activity), induced through the canonical mitochon-drial death pathway, allows caspase-3 to play a non-apoptotic role in a variety of cellular functions (1) (2) (3) (4) . This mechanism is in contrast to the high levels of caspase-3 activity, which induces apoptosis under many conditions including the cellular response to various apoptogens (5) (6) (7) , the proper elimination of cells during development (8 -11) , and following the loss of cell survival-signaling pathways (12) . High levels of caspase-3 activity resulting from the loss of an insulin-like growth factor receptor-1 (IGF-1R) 2 survival-signaling pathway abrogates the non-apoptotic role of caspase-3 in promoting cell differentiation and pushes cell fate toward death (13) . Growth factor receptor signaling required for cell survival, differentiation, and migration has often been linked to coordinated signaling with integrin receptors (14 -18) . Although direct inhibition of either integrin receptors or growth factor receptors can induce high levels of caspase-3 activity to cause cell death by apoptosis (13, 19) , it was still unknown if an integrin-mediated growth factor receptor survival signal acts to regulate the canonical "mitochondrial death pathway" for its non-apoptotic functions in normal cellular processes such as cell differentiation.
Our studies have shown that lens epithelial cell differentiation initiation is dependent on low levels of caspase-3 activity (2). This signaling mechanism is now known to be required for promoting cell fate toward differentiation in many other cell types including skeletal muscle cells (3) , osteoblasts (20) , and keratinocytes (21) . In skeletal muscle cells the caspase-3-dependent differentiation initiation pathway has been linked to a genetic reprogramming event leading to the expression of the cell cycle inhibitor p21 (4) . The discovery of non-apoptotic functions for low levels of caspase-3 activity illustrated the need to understand the pathways responsible for the tight regulation of the caspase-3 activation state. IGF-1R is a classical cell survival molecule that has been linked to signaling of differentiation and development (22) (23) (24) . In studies with lens differentiation in our model we reveal that the regulation of caspase-3 activity for its role in signaling differentiation initiation depended on an IGF-1R/nuclear factor B (NFB) survival-signaling pathway (13) . Interestingly, previous studies from our laboratory demonstrate that there is a coordinated role for ␣6 integrin and IGF-1R in lens development. These studies include the finding that IGF-1R becomes linked, in vivo, to ␣6 integrin signaling complexes in cells located in the equatorial epithelium, the region where lens epithelial cells initiate their differentiation (25). In addition, we find that there is a requisite role for ␣6 integrin in the induction of the lens fiber cell-differentiated phenotype (25) . In this study we examined ␣6 integrin as a potential upstream regulator of the IGF-1R/NFB survival signal that mediates the caspase-3 differentiation signal.
Although previous studies have independently linked ␣6 integrin to IGF-1R signaling (25, 26) and IGF-1R to NFB (13, 27) , to date there is no direct evidence connecting ␣6 integrin to the IGF-1R/NFB signaling axis, or to a role in modulating the caspase-3 differentiation initiation signal. Although IGF-1R can be activated in ␣6 integrin signaling complexes (25, 26), the signaling effector that could mediate a transactivation event within this receptor complex has remained unknown. Src family kinases stand out as likely candidates, as this kinase family has been shown to be involved in integrin/growth factor receptor association and, for other integrins such as ␣V␤3, transactivation of the associated growth factor receptor (15, 28 -30) .
␣6 integrin, a laminin receptor, has been linked to roles in cell survival, cell differentiation, and tissue development (31) (32) (33) (34) (35) (36) . Specific examples include roles for ␣6 integrin in oligodendrocyte survival (34) , lamination of the retina and development of the central nervous system (37, 38) , branching morphogenesis of the submandibular gland (39) , as well as differentiation of lens epithelial cells (25). In cultured myoblasts, knockdown of ␣6 integrin blocks differentiation and promotes sustained proliferation (40) . Of particular relevance to our finding that IGF-1R is recruited to ␣6 integrin signaling complexes as lens epithelial cells begin their differentiation (25) is the discovery that insulin-like growth factor-1 (IGF-1), the ligand for IGF-1R, can associate directly with ␣6 integrin (26) . Together, these results support the possibility that a coordinate signaling mechanism involving both ␣6 integrin and IGF-1R is required for differentiation initiation in the developing lens.
IGF-1R activates transcription factor NFB to induce expression of survival proteins in both the Bcl-2 and inhibitor of apoptosis (IAP) families (41) , and ␣6 integrin also is linked to cell survival through its induction of NFB (33) . In the differentiating lens the IGF-1R/NFB signaling axis induces expression of survival proteins Bcl-2, Bcl-X L , XIAP, and ch-IAP-1, maintaining caspase-3 protease activation at the low levels required for its role in signaling the differentiation initiation process in this tissue (13) . However, the function of ␣6 integrin in regulating the caspase-3 differentiation signal has not yet been investigated. Here we examined this possibility in studies with both embryonic ␣6 integrin knock-out lenses and in a primary differentiating lens culture system that mimics differentiation in vivo following siRNA knockdown of ␣6 integrin. Lenses are able to form in the absence of ␣6 integrin, likely due to compensation by ␣3 integrin as the double ␣6/␣3 integrin knock-out mouse fails to form normal lenses (43) , but ␣6 Ϫ/Ϫ lenses have not yet been examined for potential differentiation defects. These lenses proved ideal for identifying the dependence of the IGF-1R/NFB differentiation-signaling pathway on ␣6 integrin function, mechanisms that were paralleled in studies of lens epithelial cells in primary culture. Our findings reported here show that ␣6 integrin is necessary for the expression and activation of both IGF-1R and NFB, and their downstream effectors in the Bcl-2 and IAP families, to maintain caspase-3 at the low levels at which it induces lens epithelial cell differentiation initiation.
EXPERIMENTAL PROCEDURES
Generation of ␣6 Integrin Null Mice and Genotyping of Embryos-␣6 Ϫ/Ϫ mice were generated as described previously (38, 44) and genotypes of embryos were obtained by PCR (40) . The official nomenclature of the ␣6 integrin mice is B6.129S-Itga6 tmZP149 (Jackson Laboratories). The ␣6 mutant line was maintained by backcrossing ␣6 heterozygous mice on C57BL/6J background. The status of CP49, which is spontaneously mutated in several mouse strains, was analyzed by PCR as previously described, using genomic tail DNA from ␣6 animals (45, 46) . Briefly, PCR was carried out in a final volume of 25 l, in a reaction mixture containing 1ϫ PCR buffer, 2.5 mM MgCl 2 , 0.1 mM dNTP mixture, 0.5 M of each primer, 0.625 units of Taq DNA polymerase and 1 l of tail DNA. Wild-type and mutant CP49 alleles were detected using primers e (5Ј-TTG GAA ACA ACC TCC AGA CCA GAG-3Ј)/cЈ (5Ј-ACA TTC TAT TTC GAG GCA GGG TCC-3Ј) and c (5Ј-TGG GGT TGG GCT AGA AAT CTC AGA-3Ј)/eЈ (5Ј-AGC CCC TAC GAC CTG ATT TTT GAG-3Ј), respectively. Tail DNA from strain 129 was used as positive control for the CP49 mutation. The following PCR program was used: 95°C, 1 min; 35 cycles of 3 steps: 95, 68, and 72°C for 30 s each; and a final elongation at 72°C for 10 min.
Chick Embryo Lens Microdissection-Embryonic day 10 (E10) lenses were isolated from chicken embryos (B&E Eggs, York Springs, PA) and microdissected into four distinct differentiation state-specific regions as previously described (47): central anterior epithelium (EC), equatorial epithelium (EQ), cortical fiber (FP), and nuclear fiber (FC) zones (modeled in Fig.  1A ). EC is comprised of undifferentiated lens epithelial cells; EQ, the zone of differentiation initiation; FP, the region of lens fiber cell morphogenesis; and FC, the zone of fiber cell maturation.
Preparation of Primary Quail Lens Cell Cultures-Primary lens cell cultures that mimic differentiation as it occurs in vivo were prepared as described previously (48) . Briefly, E9 quail lens cells were isolated by trypsinization followed by agitation, plated on laminin (Invitrogen), and cultured in Complete Medium (Medium 199 containing 10% fetal bovine serum, 1% penicillin and 1% streptomycin). For blocking activation of Src family kinases, cells were exposed to the Src family kinase-spe-cific inhibitor PP1 (10 M, Enzo Life Sciences, Farmingdale, NY) for 4 h. Controls were treated with the vehicle dimethyl sulfoxide. Cells were extracted in OG/T buffer for co-immunoprecipitation and immunoblot analysis.
siRNA Transfection-Lens epithelial cells in primary culture were transfected prior to differentiation initiation with either an avian-specific custom-made ␣6 integrin siRNA pool, or with the control ON-TARGET plus non-targeting siRNA pool (both from Dharmacon RNAi Technologies, Thermo Scientific). Before transfection, complete medium was replaced with Medium 199 devoid of antibiotics and serum. Cells were exposed overnight at 37°C to either the ␣6 integrin-specific silencing siRNA (100 nM) or the non-silencing pool pre-mixed with Lipofectamine 2000 transfection Reagent (Invitrogen), according to the manufacturer's protocol. The medium was changed to complete medium for the remainder of the study.
Antibodies-Antibodies to IGF-1R (sc-713), p-IGF-1R (sc-101704), for immunostaining, survivin (sc-10811), Bcl-2 (sc-492), NFB p65 (sc-372), GAPDH (sc-25778), phospho-NFB p65 Ser-276 (sc-101749), Bcl-X L /Xs (sc-1041), PARP-1 (sc-7150), c-IAP1/2 (equivalent to ch-IAP in chick), total Src (sc-18) and ␣6 integrin (sc-6596) were purchased from Santa Cruz Biotechnology, Inc. CD49f/GOH3 (number 555734) antibody was purchased from BD Pharmingen TM . Antibody to phospho-IGF-1R ((pYpYpY1158/1162/1163) number 44-806G for immunoblotting) and phospho-Src number 44-660G were purchased from Invitrogen. ␤-Actin (A5441) and laminin-111 (L9393) were purchased from Sigma. Prox1 (ab37128) was purchased from Abcam. Antibodies to filensin and CP49 were received as generous gifts from Dr. Paul Fitzgerald (University of California, Davis, CA). Antibody to cleaved caspase-3 (number 9664), which recognizes the 17/19-kDa subunit produced by cleavage at Asp-175, was purchased from Cell Signaling. Antibody to X-IAP (number 610716) and E-cadherin (number 61082) was purchased from BD Transduction Laboratories. Antibody to phospho-ERK was purchased from Promega (V8031). Anti-Aquaporin-0 (AB3071) and 4G10 antibody (05-1050) were purchased from EMD Millipore. P2C62C4 mouse monoclonal antibody to chicken ␣6 integrin was obtained from the Developmental Studies Hybridoma Bank.
Immunostaining-Whole eyes isolated from ␣6 ϩ/ϩ and ␣6 Ϫ/Ϫ mice were fixed in 3.7% formaldehyde solution for 18 -24 h at 4°C and then incubated in 30% sucrose solution prior to cryofreezing and cryosectioning. 20-m thick cryosections were cut serially in the anterior to posterior direction. Sections were permeabilized with 0.25% Triton X-100 buffer for 10 min, blocked for 1 h in blocking buffer (5% goat serum, 1% BSA in PBS), and incubated sequentially in primary antibody at 37°C followed by secondary antibody at 37°C (1 h each). F-actin was labeled with Alexa 448-conjugated phalloidin (Invitrogen, number A12379) or Alexa 663-conjugated phalloidin (Invitrogen, number A22284). Nuclei were counterstained with TO-PRO-3 (Invitrogen, number T3605).
Immunoblotting-Microdissected lens tissue was extracted in Triton/octyl glucoside (OG/T) buffer (44.4 mM n-octyl ␤-Dglucopyranoside, 1% Triton X-100, 100 mM NaCl, 1 mM MgCl 2 , 5 mM EDTA, and 10 mM imidazole) containing 1 mM sodium vanadate, 0.2 mM H 2 O 2 , and protease inhibitor mixture (Sigma). Cultured lens cells were preincubated for 3 min in media with 1 mM sodium vanadate and 0.2 mM H 2 O 2 to inhibit tyrosine phosphatase activity prior to extraction with the OG/T buffer. Protein concentration was determined using the BCA assay (Thermo Scientific). For direct immunoblots of whole cell lysates 30 g of protein from each sample was subjected to SDS-PAGE on precast 8 -16% Tris glycine gels (Novex, San Diego, CA). Proteins were electrophoretically transferred onto Immobilon-P (PVDF) membranes (Millipore Corp.) and membranes were blocked in 5% skim milk for 1 h. Membranes were probed for primary antibody at 4°C overnight followed by secondary antibody-conjugated to horseradish peroxidase (BIO-RAD). Protein bands were detected using ECL reagent or ECL Plus reagent (Thermo Fisher Scientific). Images of immunoblots were acquired using the FluorChem E & M imager from Protein Simple (number FM0418), a digital darkroom technology. Densitometric analysis of immunoblots was performed using Alpha View software (Protein Simple).
Immunoprecipitation Analysis-For each immunoprecipitation conducted with lens tissue study, 100 E10 lenses were microdissected into four regions of differentiation as described above and extracted with OG/T buffer. To determine the association of p-IGF-1R with ␣6 integrin, the entire EC, EQ, FP, and FC fractions were incubated with antibody to ␣6 integrin (4°C overnight), followed by incubation with TrueBlot immunoprecipitation beads (eBiosciences) for 1 h as described previously (2) . The immunoprecipitate was subjected to SDS-PAGE, transferred to Immobilon-P (PVDF) membranes, and association of p-IGF-1R with ␣6 integrin was determined using immunoblot techniques as described above. For the primary culture PP1 inhibitor studies, cells were extracted in OG/T buffer and 500 g of protein was immunoprecipitated with ␣6 integrin following which the immunoprecipitates were subjected to SDS-PAGE and immunoblotted with antibodies to ␣6 integrin, p-Src, Src, p-IGF-1R, and IGF-1R.
TUNEL Assay and Quantification-TUNEL assay was performed to detect apoptotic cells in primary lens cell cultures and lens cryosections using the cell death detection kit (In Situ Cell Death Detection, TMR Red; Roche Molecular Biochemicals) according to the manufacturer's instructions. Nuclei were counterstained with TO-PRO-3 (Invitrogen). TUNEL and TO-PRO-3 staining was imaged by confocal microscopy. Quantification for the TUNEL assay in lens cell cultures was performed by analyzing four randomly selected fields from each sample over three independent studies, represented as the percent of total nuclei (stained with TO-PRO-3) that were TUNEL-positive.
Image Analysis-The Nikon Eclipse TE2000-U microscope (Optical Apparatus) was used to obtain phase images that were acquired using the Cool Snap HQ 2 camera (Photometrics) with Image-Pro Plus software (Phase 3 Imaging Systems). Confocal microscopy was performed using the Zeiss LSM510 META confocal microscope. Single optical planes were selected from z-stacks, each 1 m thick, unless otherwise indicated, using the LSM5 Image Browser.
Statistical Analysis-Statistical data analysis was performed with the t test on three or more independent experiments using ␣6 Integrin Regulates Caspase-3-induced Lens Differentiation SPSS statistics software. Error bars represent S.E. Differences were considered significant when (*) p Յ 0.05.
RESULTS

IGF-1R Activation and Low Level Caspase-3 Activity in the Developing Lens Depends on ␣6
Integrin Function-To investigate whether ␣6 integrin is necessary for activation of IGF-1R in the zone of lens differentiation initiation we examined ␣6 integrin-null mouse lenses at E18.5, and WT age-matched controls. Mid-sagittal cryosections of whole eyes were immunolabeled with ␣6 integrin antibody to validate the absence of ␣6 integrin in the knock-out (KO) lenses, with an antibody to phospho-(p) IGF-1R to examine the activation state of IGF-1R, and co-labeled for F-actin to reveal the cytoarchitecture of the lens. In normal embryonic lenses ␣6 integrin was highly localized to lateral cell-cell borders of lens cells in the equatorial epithelial and cortical fiber zones (regions of lens cell differentiation of the embryonic lens (modeled in Fig. 1A) ), in addition to the more classical localization of ␣6 integrin to basal aspects of lens cells where they contact the basement membrane ( Fig. 1A , ii and iii), as we have described previously (47) . No ␣6 integrin was detected in the KO lenses. Note that the mice used in this study are on a C57BL/6 background and do not carry a mutation for the lens-specific intermediate filament protein CP49 (phakinin) (Fig. 1A, i) . Using a p-IGF-1R antibody that detects the major tyrosine phosphorylation site in the IGF-1R kinase domain required for the full activation of IGF-1R (49), we found that although IGF-1R activation was high in the equatorial zone of the WT E18.5 mouse lens where it co-localized with ␣6 integrin along lateral cell-cell borders, the IGF-1R activation state was significantly diminished in the embryonic ␣6 Ϫ/Ϫ lens ( Fig.  1B) without any detectable effect on IGF-1R expression (Fig.  1C ). Immunolabeling with 4G10, which labels phosphotyrosine sites, revealed that the loss of IGF-1R activation did not reflect a general inhibition of tyrosine kinase activity in the absence of ␣6 integrin (Fig. 1D ). However, activation of ERK, a well characterized downstream effector of IGF1R (25, 50, 51), was inhibited in the ␣6 Ϫ/Ϫ mouse lenses ( Fig. 1E ). Immunofluorescence analysis for laminin-111, a major component of the lens basement membrane capsule (47) , showed no gross effect of the loss of ␣6 integrin on distribution of this matrix protein in the lens capsule, to which the lens cells remained adherent ( Fig. 1F ).
To examine whether ␣6 integrin is necessary to maintain the low levels of caspase-3 activation required for the role of this protease in signaling lens epithelial cell differentiation, cryosections of ␣6 ϩ/ϩ and ␣6 Ϫ/Ϫ lenses were immunolabeled with an antibody to cleaved caspase-3 that recognizes the 17/19-kDa subunit produced by cleavage at Asp-175. Although in the ␣6 ϩ/ϩ lenses only low levels of activated caspase-3 were detected, the loss of ␣6 integrin resulted in high level caspase-3 activity ( Fig. 2A ). TUNEL assay ( Fig. 2B ) showed that this dysregulation of caspase-3 activity in the ␣6 KO lens leads to increased cell death by apoptosis in both lens epithelial and fiber cell zones. The TUNEL labeling of nuclei in the embryonic lenses of ␣6 Ϫ/Ϫ mice lens was detected in the same population of cells that displayed high levels of cleaved caspase-3, suggesting a link between dysregulation of caspase-3 activity and induction of apoptosis. These findings show that ␣6 integrin is an upstream regulator of IGF-1R activation and that its function is required for maintaining the low level of caspase-3 activity in the developing lens.
␣6 Integrin-dependent Expression of NFB, Bcl-2, and Survivin during Lens Development-In previous studies we show that IGF-1R signaling is responsible for activation of NFB and in turn for induction of survival proteins associated with maintaining caspase-3 at the low level of activity required for it to function as a differentiation signal (13) . Because we have now demonstrated that ␣6 integrin is required for both activation of IGF-1R and the regulation of caspase-3 in developing lens tissue, we examined whether other elements of the IGF-1R survival-signaling pathway that we previously linked to the IGF-1R differentiation-initiation signal were dependent on ␣6 integrin function. Cryosections of E18.5 ␣6 ϩ/ϩ and ␣6 Ϫ/Ϫ lenses were immunostained for NFB ( Fig. 2C ), Bcl-2 (Fig. 2D) , and survivin ( Fig. 2E) . The results showed that the expression of NFB and survivin were significantly down-regulated in the absence of ␣6 integrin, and that only low levels of Bcl-2 expression could be detected. These findings suggest that ␣6/IGF-1R coordinate signaling regulates the activation state of caspase-3 for its role in lens epithelial cell differentiation initiation through induction of survival proteins by NFB.
Lens Differentiation Is Altered in the Absence of ␣6 Integrin-Although the formation of lenses in ␣6 Ϫ/Ϫ mice shows that many aspects of development of this tissue are able to proceed in the absence of ␣6 integrin, likely due to compensatory signaling (38, 44) , the significant effects of the absence of ␣6 integrin on IGF-1/NFB signaling indicated that this knock-out model would reveal elements of lens differentiation that were guided by ␣6 integrin signaling. To examine this question we studied hallmarks of lens differentiation at E18.5 using an immunolocalization approach with antibodies to the lens intermediate filament protein filensin, the transcription factor Prox1, the cell-cell adhesion protein E-cadherin that is limited to lens epithelial cells (52, 53) , and the lens-specific water channel protein Aquaporin-0 ( Figs. 3, A-D) . Filensin, highly expressed in fiber cells of the WT lens (54, 55) , was only present at low levels in fiber cells of lenses developed in the absence of ␣6 integrin (Fig. 3A) . Normally, as lens epithelial cells begin their transition to a fiber cell phenotype Prox1 translocates to the nuclei (56, 57) , as seen here in the WT lenses at E18.5 (Fig.  3B) . In age-matched ␣6 Ϫ/Ϫ lenses there was significantly diminished nuclear localization of Prox1 in cells of the transition zone, where it typically first appears, and this inhibition is maintained into the lens fiber cell zone. Immunolocalization analysis for E-cadherin revealed that this adhesion protein persisted at cell-cell borders into the region of the young cortical fiber cells, consistent with a failure to properly shut off a molecular marker of lens epithelial cells (Fig. 3C) . No significant effect on expression of Aquaporin-0 was detected in ␣6 Ϫ/Ϫ lenses (Fig. 3D) . These results show that there are distinct defects in a subset of molecules required for normal lens differentiation in the absence of ␣6 integrin.
IGF-1R Is Activated Specifically in ␣6 Integrin Signaling Complexes Formed in the Zone of Lens Differentiation Initiation-Our previous studies have shown a differentiation state-specific association between IGF-1R and ␣6 integrin in the chick embryo lens (25). Using a co-immunoprecipitation approach, we investigated the activation state of IGF-1R (p-IGF-1R) in ␣6 integrin signaling complexes as a factor of the lens cell differentiation state. Four distinct regions of lens differentiation were isolated from the E10 chick embryo lenses by microdissection. These stages of differentiation are all expressed concurrently in the embryonic lens, representing a continuum of the differentiation process, and include undifferentiated lens epithelial showing the four distinct regions of lens differentiation including EC, undifferentiated lens epithelial cells; EQ cells, in the zone of differentiation initiation; FP, the region of lens fiber cell morphogenesis; and FC, the zone of fiber cell maturation and organelle loss. i, PCR analysis of CP49 WT and mutant alleles detected in genomic tail DNA isolated from representative WT (ϩ/ϩ), heterozygous (ϩ/Ϫ), and mutant (Ϫ/Ϫ) ␣6 integrin embryos. Genomic tail DNA from a WT animal of the 129 line (which carries a spontaneous mutation of CP49) was used as positive control for detection of the CP49 mutant allele. L, DNA ladder. Results show that the C57BL/6 line used to prepare the ␣6 integrin knock-out does not carry the CP49 mutation. ii and iii and A-F, mid-sagittal lens cryosections from ␣6 ϩ/ϩ (wild type mice, upper panel) and ␣6 Ϫ/Ϫ (knock-out mice, lower panel) at E18.5 (e, lens epithelium; f, lens fiber cells). A (ii and iii), sections were immunostained for ␣6 integrin (green) and co-labeled for F-actin (blue). A (ii), scale bar ϭ 100 m. Boxed areas shown at higher magnification in panel iii, scale bar ϭ 20 m. B-D and F, representative cryosections from E18.5 mice lenses were co-immunostained for ␣6 integrin (green) and p-IGF-1R (red) (B), IGF-1R (red) (C), phosphorylated-tyrosine residues (4G10, red) (D), or laminin-111 (red) (F). E, mid-sagittal lens cryosections from E18.5 mice were immunostained for phospho (activated) ERK (p-ERK, red) and co-labeled for nuclei (blue). Note that nuclear localization of active ERK observed in the ␣6 ϩ/ϩ mouse lens at E18.5 is distinct from that which occurs at E12.5, when it localized to the nuclei of differentiating primary lens fiber cells (42) . All images were obtained by confocal microscopy. Images in A (ii and iii)-F, are single optical slices of 1-m thickness selected from an acquired z-stack; B-E, scale bar ϭ 20 m. F, scale bar ϭ 100 m. Results show that in the absence of ␣6 integrin there was diminished activation of IGF-1R, moderate reduction in phosphotyrosine, and inhibition of ERK activation, a downstream effector of IGF-1R, whereas the lens capsule remained intact. Labeling of the lens capsule with the 4G10 antibody is nonspecific. Data are representative of three independent studies where lenses from 3 different ␣6 ϩ/ϩ or ␣6 Ϫ/Ϫ mice embryos were examined.
FIGURE 2. The absence of ␣6 integrin in the developing lens leads to low expression of NFB and its target survival proteins resulting in high levels of caspase-3 activity and cell death by apoptosis.
A-E, E18.5 lens cryosections from ␣6 ϩ/ϩ (upper panels) and ␣6 Ϫ/Ϫ (lower panels) mice were co-labeled for: A, cleaved caspase-3 (red), F-actin (blue), ␣6 integrin (green); B, TUNEL (red), nuclei (blue); C, NFB p65 (red), nuclei (blue), F-actin (green); D, Bcl-2 (red), nuclei (blue), F-actin (green); and E, survivin (red), nuclei (blue), and F-actin (green). All images were obtained by confocal microscopy. A-E are single optical slices of 1 m thickness, selected from an acquired z-stack. D is a projection image (5 m thickness), acquired from a z-stack of 1-m thick optical slices. Scale bar ϭ 20 m in all images. Results show that in the absence of ␣6 integrin, expression of the transcription factor NFB (C, red), and its downstream effectors Bcl-2 (D, red) and survivin (E, red), were significantly diminished, inducing a high level of caspase-3 activity and cell death by apoptosis. Whole eye cryosections were examined from a minimum of three different embryos taken from each of the ␣6 ϩ/ϩ and ␣6 Ϫ/Ϫ mice groups and are thus representative of three independent studies. FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 cells (EC); the zone of differentiation initiation (EQ); the region of lens fiber cell morphogenesis (FP); and the zone of fiber cell maturation (FC), (microdissection modeled in Fig. 4A ). Each fraction was immunoprecipitated for ␣6 integrin, and immunoblotted for both ␣6 integrin and activated IGF-1R (p-IGF-1R). The results show that differentiation state-specific activation of IGF-1R in an ␣6 integrin signaling complex is greatest in the equatorial zone of the embryonic lens (Fig. 4A) , the region of lens epithelial cell differentiation initiation. This finding is consistent with the role of ␣6 integrin/IGF-1R signaling in regulating caspase-3 to maintain it at the low level of activity required to execute differentiation initiation in this region of the developing lens.
␣6 Integrin Regulates Caspase-3-induced Lens Differentiation
Knockdown of ␣6 Integrin in Primary Lens Epithelial Cell Cultures Inhibited Activation of IGF-1R, Deregulated Caspase-3 Activity, and Suppressed Lens Epithelial Cell Differentiation-To fur-
ther examine the requirement for ␣6 integrin in the activation of IGF-1R and investigate their synergistic role in lens epithelial cell differentiation we used a siRNA approach in primary quail lens epithelial cell cultures. These cultures mimic lens differentiation as it occurs in vivo, providing an ideal system to study the role of integrin-dependent signaling in lens differentiation (48) . ␣6 integrin was knocked down prior to differentiation initiation with a custom-made siRNA pool specific for ␣6 integrin. This approach effectively knocked down ␣6 integrin expression ( Fig.  4C) , with efficiency close to 80%. Knockdown of ␣6 integrin in these lens epithelial cell cultures suppressed activation of IGF-1R without affecting IGF-1R expression, demonstrating that in these cells IGF-1R activation was dependent on ␣6 integrin (Fig. 4D) . These results provided the first direct evidence of ␣6 integrin transactivation of IGF-1R. This coordinate loss of ␣6 integrin and IGF-1R activity removed the constraints on caspase-3 activation, shown both by the increased levels of activated, cleaved caspase-3 ( Fig. 4E ) and increased cleavage of the direct caspase-3 substrate PARP-1 (Fig. 4F ). Knockdown of ␣6 integrin also resulted in significantly lower levels of the lensspecific intermediate filament proteins filensin ( Fig. 4G ) and CP49 (Fig. 4H) . These results parallel our findings with the ␣6 integrin-null lenses and confirm that ␣6 integrin functions upstream to the IGF-1R signaling pathway to maintain the low levels of caspase-3 activity required to induce differentiation initiation.
Knockdown of ␣6 Integrin in Primary Lens Epithelial Cells Suppressed Expression of Survival Proteins and Led to Cell Death
by Apoptosis-As caspase-3 activity was found to be deregulated in the absence of ␣6 integrin in primary lens cell cultures we examined if this result reflected a block in the expression/ activation of transcription factor NFB and expression of sur- 
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vival proteins regulated by NFB (13) . As above, ␣6 integrin was knocked down in primary lens epithelial cells with an siRNA approach and analyzed for expression of the p65 subunit of NFB (Fig. 5A) , and for survival proteins in the Bcl-2 and IAP families, including Bcl-2, Bcl-X L , ch-IAP-1, X-IAP, and survivin ( Fig. 5, B-F) . In the absence of ␣6 integrin, expression of the NFB p65 subunit was suppressed significantly along with all Bcl-2 and IAP family members examined. TUNEL analysis revealed that the loss of these survival proteins in the absence of ␣6 integrin lead to increased cell death by apoptosis (Fig. 5, G  and H) . These results demonstrated that the ␣6 integrin/IGF-1R/NFB signaling axis maintains caspase-3 activity at the low level required for its role in inducing lens differentiation initiation. FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7
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Transactivation of IGF-1R by ␣6 Integrin Is Mediated by a Src Family Kinase-Having discovered that ␣6 integrin is upstream to IGF-1R and is required for its activation in this survival-linked differentiation pathway we next examined the mechanism by which ␣6 integrin regulates IGF-1R activity. There is substantial evidence in the literature implicating Src kinases as a principal downstream effector of integrins (58, 59) and in transactivation of growth factor receptors by integrins (15) . Because Src family kinase members have requisite, regulatory functions in lens differentiation (60), we examined whether ␣6 integrin-mediated activation of Src kinase activity was responsible for transduction of the ␣6 integrin survivallinked differentiation signal to IGF-1R. For these studies lens cells in primary culture were exposed to PP1, a specific Src kinase inhibitor, or its vehicle dimethyl sulfoxide. Cells were extracted and subjected to co-immunoprecipitation analysis (IP, ␣6 integrin; blot, pIGF1R or IGF-1R). The activation status of Src in these complexes was determined by immunoblotting for p-Src. The results showed that PP1 exposure effectively blocked the activation of Src in ␣6 integrin signaling complexes (Fig. 6A) , without affecting the association of Src with the ␣6 integrin receptor (Fig. 6B) . Importantly, this loss of Src kinase activity blocked activation of IGF-1R in these ␣6 integrinsignaling complexes (p-IGF1R, Fig. 6C ), whereas IGF-1R association with these complexes remained unchanged (Fig.  6D) . These results demonstrate that transactivation of IGF-1R by ␣6 integrin in the developing lens is mediated by Src kinase activity.
DISCUSSION
Previous findings from our laboratory had shown a requirement for the ␣6 integrin receptor in signaling lens differentiation, and the potential that this signal is related to the association of the growth factor receptor IGF-1R with ␣6 integrin in the lens equatorial zone, the region of the embryonic lens where differentiation is initiated (47) . This finding took on additional significance when we discovered that low level caspase-3 activity, induced through the mitochondrial death pathway, was necessary for lens epithelial cell differentiation (2) . Particularly intriguing was that concurrent with this low level activation of caspase-3 was the induction of anti-apoptotic proteins in both Bcl-2 (Bcl-2, p-Bad, and Bcl-X L ) and IAP (ch-IAP, XIAP, and survivin) families of survival molecules (2) . Further investiga-tion revealed that the non-apoptotic function for caspase-3 in cell differentiation is dependent on an IGF-1R/NFB survival signal that is responsible for inducing the expression of both Bcl-2 and IAP survival proteins (13) . Blocking this survival signal results in high level caspase-3 activation, and apoptosis is induced instead of lens cell differentiation.
The current study revealed that IGF-1R activation in the developing lens and its function in the regulation of lens cell differentiation initiation were both dependent on the ␣6 integrin receptor. In the absence of ␣6 integrin (␣6 Ϫ/Ϫ lenses, siRNA knockdown in differentiating lens cell cultures) IGF-1R activation was blocked, NFB signaling was compromised, and molecular regulators of caspase-3 in both the Bcl-2 and IAP families failed to be induced (modeled in Fig. 7) . These findings paralleled the effects of directly blocking activation of IGF-1R or NFB that we have published previously (13) . The effects of ␣6 integrin loss led to a high level of caspase-3 activation that suppressed lens cell differentiation and instead induced cell death by apoptosis. Therefore, coordinate ␣6 integrin/IGF-1R survival signaling was essential to induce the expression of survival proteins that regulate caspase-3 activation levels so that it is able to signal cell differentiation and not death. Our studies with the ␣6 integrin Ϫ/Ϫ lens also revealed significant deficits in the lens differentiation process that validate it as an important model for identifying ␣6 integrin-dependent signaling pathways important to normal lens differentiation and development.
There is precedence for both the collaborative signaling between integrin and growth factor receptors (15, 26, 34) and a role for the ␣6 integrin receptor in cell survival (14, 38) and cell differentiation (25, 61, 62) . In this context, and consistent with our findings, are studies from ffrench-Constant's laboratory (16, 63) that provide strong evidence for integrin-growth factor receptor-regulated signals in the survival and differentiation of oligodendrocytes. The authors show that prior to oligodendrocyte differentiation the PDGF␣ receptor associates in a complex with ␣v␤3 integrin to signal proliferation, and that the PDGF␣ receptor switches its association to ␣6␤1 integrin as oligodendrocyte precursors initiate their differentiation (16, 63) . Interesting to our studies, during their transition from progenitor to differentiating cell phenotype oligodendrocytes are particularly sensitive to programmed cell death (64) . The 
. ␣6 integrin transactivation of IGF-1R maintains low level caspase-3 activity for its role in signaling differentiation initiation of lens epithelial cells. A, diagram of the microdissected lens areas (top panel)
; co-immunoprecipitation (IP, ␣6 integrin; blot, ␣6 integrin and activated (phosphorylated) IGF-1R (p-IGF-1R)) analysis in differentiation specific zones of E10 chick embryo lenses, obtained by microdissection. ␣6 integrin was immunoprecipitated with an ␣6A integrin-specific polyclonal antibody because this is the predominant isoform associated with lens differentiation (47) . Immunoprecipitates and whole cell lysates (WCL) were immunoblotted with a monoclonal antibody to the ␣6 integrin extracellular domain that recognizes two bands, the cleaved (lower band) and uncleaved (upper band) form of ␣6 integrin as described previously (47, 62) . Results of three independent experiments were quantified and represented graphically as a ratio of p-IGF1R/␣6 integrin (both cleaved and uncleaved bands), showing that IGF-1R is activated specifically in the ␣6 integrin signaling complexes in the EQ zone. B-H, ␣6 integrin was knocked down using a siRNA approach (si ␣6 integrin) in primary lens cells in culture. Control cultures were treated with non-targeting siRNA (siControl/siC). B, phase images of lens epithelial cells following siRNA knockdown of ␣6 integrin compared with siControl. C, immunoblot for ␣6 integrin showing si␣6 integrin effectively knocked down ␣6 integrin expression, and D, activation of IGF-1R (p-IGF-1R), without affecting expression of total IGF-1R. E, immunostaining for cleaved (activated) caspase-3 (red, i-iv), co-stained with TO-PRO-3 to detect nuclei (blue, i-ii), showed increased caspase-3 activation following ␣6 integrin knockdown. Fluorescence intensity of cl-caspase-3 was quantified by creating line scans (panels iii and iv, quantified below) across the field of cells using LSM Image Examiner, confirming increased caspase-3 activation in response to ␣6 integrin knockdown. F, immunoblot for the caspase-3 target cl-PARP-1. Immunoblot analysis was also performed for the lens differentiation specific proteins filensin (G) and CP49 (H). The results show that ␣6 integrin is necessary to maintain low levels of caspase-3 activity and inducing lens epithelial cell differentiation initiation. Densitometric analyses of immunoblots for ␣6 integrin, filensin, and CP49 were plotted as a ratio to actin; cl-PARP-1 as a ratio to GAPDH; and p-IGF-1R against total IGF-1R. For confocal imaging, z-stacks were collected and analyzed, and the data are presented as a single optical plane of 0.5 m. Results are representative of at least three or more independent studies. Error bars represent S.E. *, p Ͻ 0.05, t test. Scale bar, 20 m.
␣6 Integrin Regulates Caspase-3-induced Lens Differentiation
switch of the PDGF␣ receptor from ␣v␤3 to ␣6␤1 receptor complexes provides the essential survival signal for oligodendrocytes to survive and differentiate (34) . In fact, among all the integrins that have been linked separately to either cell survival (19, (65) (66) (67) (68) (69) or cell differentiation (70 -73) , ␣6 integrin stands out as crucial for both (33, 34, 37, 38, 44) . However, prior to our studies there was no evidence as to the mechanism of how ␣6 integrin can induce, concurrently, both survival and differentiation, or whether these functions were interconnected. Our investigations reveal the mechanism by which ␣6 integrin provides a survival-linked differentiation signal. These findings (modeled in Fig. 7) show that the ␣6 integrin/IGF-1R coordinate survival signal functions to induce pro-survival proteins that maintain caspase-3 at a low level of activity that initiates differentiation. Loss of this signal releases the cellular controls on caspase-3, resulting in high levels of caspase-3 activity that instead induce apoptotic cell death. These results provide a likely mechanism for the coordinated survival/differentiation function of ␣6 integrin observed in previous studies (33, 34, 37, 38, 44) .
In our investigations with the ␣6 integrin Ϫ/Ϫ lenses we discovered that this receptor function was also required for the appropriate, temporal regulation of a number of molecules associated with the lens cell differentiation process, including that of the transcription factor Prox1. Previously, Duncan and co-workers (56) showed the importance of Prox1 nuclear localization during the transition of lens epithelial cells to fiber cells, including that Prox1 interacts with proliferating cell nuclear antigen to induce expression of lens differentiation-specific proteins (74) . The absence of ␣6 integrin suppressed the translocation of Prox1 to the nucleus as lens epithelial cells begin their differentiation into lens fiber cells. Interestingly, nuclear translocation of Prox1 was not affected in the absence of ␤1 integrin (57) . Because ␣6 integrin can heterodimerize with both ␤1 and ␤4 integrins, our results suggest that the ␣6␤4 integrin heterodimer is responsible for the signal that induces translocation of Prox1 to the nucleus at the start of lens epithelial cell differentiation. Misexpression of E-cadherin was noted into the FIGURE 5 . siRNA knockdown of ␣6 integrin in primary lens cell cultures led to suppression of survival proteins in the Bcl-2 and IAP families and cell death by apoptosis. A-F, ␣6 integrin was knocked down using a siRNA approach (si␣6 integrin) in primary lens cell cultures. Controls were treated with non-targeting siRNA (siC). A, following ␣6 integrin siRNA knockdown cultures were immunoblotted for activated p-NFB (p65 Ser-276) and total NFB p65; Bcl-2 (B), Bcl-X L (C), and IAP family proteins (D-F): ch-IAP-1 (D), X-IAP (E), and survivin (F). G, induction of apoptosis following ␣6 integrin knockdown was examined by TUNEL assay. Confocal images show that ␣6 integrin knockdown induced cell death by apoptosis, TUNEL (red), nuclei (blue), F-actin (green); H, quantification for TUNEL positive cells showed a significant increase in the number of TUNEL positive cells in the absence of ␣6 integrin. Results show that ␣6 integrin is an essential upstream signal of NFB-mediated expression of survival proteins in the Bcl-2 and IAP families in lens epithelial cells. Densitometric analyses of immunoblots for Bcl-2, Bcl-X L , ch-IAP-1, X-IAP, and survivin were plotted as a ratio to GAPDH; and p-NFB p65 against total NFB p65. For confocal imaging, z-stacks were collected and analyzed, and the data are presented as a single optical plane of 0.5 m. Results are representative of at least three studies. early differentiating fiber cells of the cortical zone and was not restricted to the lens epithelium. This finding is consistent with studies reported by Wigle et al. (75) where ablation of Prox1 resulted in misexpression of E-cadherin in the lens. Thus failure in Prox1 expression/translocation to the nucleus in the ␣6 integrin knock-out lenses was likely responsible for the misexpression of E-cadherin in these lenses. Other effects of the absence of ␣6 integrin on differentiating lens cells included the inability to induce/maintain high levels of the lens-specific intermediate filament protein filensin. The diminished immunolabeling for filensin in the ␣6 Ϫ/Ϫ lenses may reflect the fact that filensin can be a caspase-3 substrate. The absence of ␣6 integrin did not significantly affect the expression of Aquaporin-0. This may be explained by the fact that Aquaporin-0 expression is regulated by the homeodomain transcription factor Pitx3 (76) . Our studies suggest that ␣6 integrin is crucial in regulating a subset of molecules fundamental to lens epithelial cell differentiation. In addition, the effects of ␣6 integrin loss on Prox1, E-cadherin, and filensin showed that the ␣6 integrin receptor has roles in lens cell differentiation beyond that of mediating the non-apoptotic signaling function of caspase-3.
There are multiple ways by which the ␣6 integrin/IGF-1R survival linked-differentiation signal can be activated in the lens. Classically, integrins are activated through engagement of their extracellular matrix ligands (77, 78) . Both ␣6 integrin ligands laminin-111 (47) and laminin-332 (79) are expressed in the embryonic lens where they could activate an ␣6 integrin-dependent cellsurvival differentiation-initiation signal. Although in this mechanism IGF-1R would be transactivated by ␣6 integrin following its engagement of the matrix ligand, activation of the ␣6 integrin/IGF-1R survival/differentiation pathway could be induced in a matrix-independent manner, as described in a recent paradigm shifting study. There it was shown that IGF-1, the ligand of IGF-1R, can bind directly to ␣6␤4 and induce the formation of an ␣6␤4-IGF1-IGF1R ternary complex that activates the IGF-1R signaling pathway (26) . Alternatively, activation of the ␣6 integrin/IGF-1R pathway essential to lens differentiation could occur independently of both laminin and IGF-1 in a mechanism where ␣6 integrin mediates the transactivation of IGF-1R in a ligand-independent manner (15) . Our studies show that the mechanism by which ␣6 integrin transactivates IGF-1R depends on activation of a Src family tyrosine kinase. It remains to be determined which Src kinase member is responsible for this transactivation event. Together our results provide strong evidence that IGF-1R activation in the developing lens is dependent on ␣6 integrin.
Survival signaling is necessary to regulate caspase-3 activation and maintain it at low levels of activity at which it can perform its non-apoptotic functions in the cell. In addition to our findings, regulation of caspase-3 activity has also been linked to ␣-crystallins, molecular chaperones that can function as protectors against apoptosis in lens differentiation. Apoptotic cell death has been reported in developing lenses of ␣A/␣B crystallin double knock-out mice, and associated with the induction of high levels of caspase-3 (80) . Interestingly, we found that ␣A-crystallin associates with ␣6 integrin receptor complexes in regions of active lens cell differentiation (81) . Furthermore, activation of ␣6 integrin following exposure to PMA induced recruitment of ␣A-crystallin to ␣6 integrin receptor complexes, providing evidence of a direct signaling connection between ␣6 integrin and ␣A-crystallin (81) . These studies suggest that ␣A-crystallin association with ␣6 integrin in differentiating cells of the lens could play a role in regulating the ␣6 integrin-linked survival-signaling pathway responsible for maintaining caspase-3 at the low levels of activity required for its function as a differentiation-initiation signal.
It is still a mystery as to what factors or molecules are activated to induce lens cell differentiation downstream of the low level caspase-3 activity. Larsen et al. (4) have described a novel mechanism involving the caspase-activated DNase (CAD) and its inhibitor, the inhibitor of caspase-activated DNase (ICAD), in inducing the differentiation of skeletal muscle cells. This study showed that low levels of caspase-3 activity induce limited cleavage of ICAD to result in low level activation of CAD that translocates to the nucleus where it makes limited strand breaks at the p21 promoter site to initiate a genomewide reprogramming event necessary for skeletal muscle cell differentiation. It will be interesting to determine whether this mechanism can be extended to lens epithelial cell differentiation.
In conclusion, our findings show a novel mechanism by which ␣6 integrin-coordinated signaling with the classic survival receptor IGF-1R regulates the level of caspase-3 activation for its role in inducing lens epithelial cell differentiation initiation. We show that ␣6 integrin transactivates IGF-1R through a Src family kinase to induce expression of Bcl-2 and IAP family survival proteins through transcription factor NFB. These survival proteins modulate caspase-3 activity and keep it in check, allowing caspase-3 to play a non-apoptotic role in cell differentiation. Our study provides an explanation to the long existing question of how ␣6 integrin induces both cell survival and differentiation, and shows how these functions are linked. With both avian and mammalian models of lens development we reveal that low levels of caspase-3 activity initiate lens epithelial cell differentiation downstream of a ␣6 integrin/IGF-1R/ NFB coordinated cell-survival signal.
